INTRODUCTION
It has long been known that the human body is host to a wide variety of microbial life (167, 202, 251, 289) . These microbes, known generally as the "human-associated microbiota," outnumber our own cells and are intimately associated with our tissues and organs (see Table 1 for definitions of microbial ecology terms used in this review). They have long been suspected of conferring important functions to the human body, including playing a major role in our nutrition and susceptibility to disease (289) . In recent years, there has been a virtual explosion of activity in the study of the human-associated microbiota and microbiome. Through high-profile projects such as the NIH-initiated Human Microbiome Project (HMP) and the international metaHIT initiatives, an awareness of this effort has become widespread among the biomedical research community. With this increased activity has come a much more detailed understanding of the human-associated microbiota and its relationship to health and disease. This recent success is owed in large part to the application of approaches from environmental microbiology to the study of the human body, most notably the use of methods of microbial community characterization that do not require laboratory culture.
The purpose of this review is severalfold. Our primary goal is to summarize the current "state of the art" of the study of the human-associated microbiota, emphasizing examples where work in environmental microbiology has provided an essential foundation for studies of the human-associated microbiota. Next, we identify critical needs and new opportunities for the study of the human-associated microbiota. We then describe what we feel represents the next wave in human-associated microbiota research-the application of ecological theory, especially as it relates to structure and function, to communities associated with the human body. We conclude with a discussion of how knowledge of the human-associated microbiota may impact the future of medical practice, focusing on how management and restoration of the indigenous microbiota may represent a paradigm shift in medical treatment and prevention practices.
It is our contention that studies of the human microbiota and microbiome do not necessarily represent a revolution in science but rather are part of the continued evolution of a line of investigation initiated by environmental microbiologists ( Fig. 1 ; Table 2 ). The cross talk between environmental microbiologists and human microbiota researchers has already yielded significant progress. Continued and increased interaction among investigators in these fields will accelerate progress even further.
MICROBIAL ECOLOGY: A BRIEF HISTORY
One of the first microbial communities to be observed was a host-associated community. When Antonie van Leeuwenhoek scraped his teeth and observed what he termed "animalcules," he unknowingly launched one of the most interesting fields of study, which still challenges us more than 330 years latermicrobiology. More specifically, we are still struggling with the question of how many different kinds of bacteria are associated with the human body as well as with other animal hosts. Understanding the extent of diversity in microbial communities in any environment can be challenging. The techniques utilized in the pursuit of understanding microbial communities of all sorts are shared among microbial ecologists, as are our scientific roots.
Two hundred years after van Leeuwenhoek's discovery, the Golden Era of microbiology was ushered in, most famously, by Louis Pasteur, Robert Koch, and Ferdinand Cohn. The concept of isolating bacteria in pure culture was central to Koch's postulates, which outlined how to determine the etiology of infectious diseases. A few years later, culture of bacteria in isolation and enrichment for specific types of bacteria would be key in the research of Beijerink and Winogradsky, whose work led to the first understandings of chemoautotrophy. Into the mid-to late 20th century, culture of bacteria and microscopic examination were still the primary tools of observation and discovery for microbiologists and, of particular interest for this review, for microbial ecologists, who studied the identities of bacterial communities in specific environments and sought to understand their activities there (including microbe-microbe interactions and microbes' interactions with their environments). Identifying these bacteria was accomplished by direct microscopic evaluation, the use of biochemical tests, and enrichment culture techniques. Interestingly, a number of the bacteria observed microscopically could not be accounted for on culture media. "The great plate anomaly," as this phenomenon is known, was observed in studies of several environments (312) . Eventually, it would be estimated that more than 99% of bacteria have not been cultured (7) . Although advances in culture methods increased the diversity of bacteria that were culturable, a far more exciting and fruitful approach to accessing those "unculturable" bacteria was just on the horizon. By 1980, Carl Woese and colleagues had provided an overview of bacterial phylogeny that was based on 16S rRNA sequences and independent of the morphological and biochemical characteristics that had previously been used to classify bacteria (98, 365) . Soon after, researchers began using the sequences of rRNAs to identify bacteria in mixed communities without cultivation (310, 311) . As PCR was developed and sequencing became easier, the cloning and sequencing of 16S rRNA-encoding genes (instead of the laborious task of directly extracting and sequencing rRNAs) allowed for more in-depth analyses of microbial communities (112) . Although other genes have been used as phylogenetic markers and may provide better resolution at the species and subspecies levels, the cloning and sequencing of 16S rRNA-encoding genes have been considered the gold standard for the characterization of microbial communities and have been used to describe the composition of a variety of communities, including those in insect guts, the human gastrointestinal tract, and microbial mats (33, 61, 128, 194) .
Other culture-independent techniques were also developed. Various forms of in situ hybridization that rely on group-specific 16S rRNA probes, such as fluorescent in situ hybridization (FISH), emerged (6, 7, 63, 111) . Community fingerprinting techniques such as terminal restriction fragment length polymorphism (T-RFLP) analyses and denaturing gradient gel electrophoresis (DGGE) physically separate fragments of the 16S rRNA-encoding gene and detect variations in the sequence among members of communities (199, 232) .
Metagenomics, a culture-independent method of community analysis that is not dependent on the 16S rRNA-encoding gene, is the functional and sequence-based analysis of total environmental DNA and traditionally involves direct cloning of DNAs extracted from environmental samples (125, 273) . This direct cloning of environmental DNA was first suggested by Olsen and colleagues in the 1980s (243) . The initial implementation of this idea was carried out by Schmidt et al., who cloned DNA from a marine picoplankton community into the bacteriophage and screened for 16S rRNA-encoding genes (296) . Metagenomics as we know it today was first reported by Stein et al., who identified a 40-kb archaeal genome fragment in a metagenomic library, subcloned and sequenced it, and then revealed the presence of two genes that were not previously known to exist in archaea (316) . Since then, metagenomics has been used to explore the genetic capacity and activities of microbes in the human gut, marine planktonic 208 and 302 for reviews of these techniques). These techniques increase the depth of sequencing by orders of magnitude compared to traditional Sanger sequencing. Pyrosequencing, as implemented on the 454 platform, is the technique used by most members of the HMP. This is likely because the 454 chemistry allows for longer reads (ϳ500 bp) than those of other platforms, such as Solexa (ϳ100 bp), although Solexa pyrosequencing produces more sequence data, as measured by the number of bases generated per run. Since its development in the late 1990s, pyrosequencing has been used extensively in several fields, including chromatin research and plant biology (228, 246) . In microbiology, pyrosequencing has allowed for rapid sequencing of whole genomes, comparisons of multiple strains of bacteria, and quick detection of point mutations responsible for antibiotic resistance, among other advances (59, 121, 227, 322, 333) .
In 2006, pyrosequencing and microbial ecology crossed paths for the first time. First, Forest Rohwer and colleagues published a metagenomic analysis of the microbial community in water from an iron mine in Minnesota, and then, a few months later, Mitchell Sogin and colleagues published a study that introduced the ability to access rare members of several microbial communities simultaneously by amplifying and sequencing the V6 hypervariable region of the 16S rRNA gene by use of bar-coded pyrosequencing primers (79, 307) . Bar codes (also known as nucleotide keys) are short runs of nucleotides (typically 3 to 8) incorporated directly 5Ј of the primer sequence and are used to differentiate samples within a pyrosequencing run. Since 2006, pyrosequencing has been used to explore a variety of communities, including those in hot springs, hamster feces, coral reefs, agricultural soils, the bovine rumen, the mouse gut, and the human gut (14, 15, 35, 72, 212, 224, 275, 331) .
Along with the ability to generate community data came the need to analyze such data. Ecological measurements of richness, diversity, and similarity are used to analyze these data. Programs such as EstimateS (http://viceroy.eeb.uconn.edu/estimates) and Canoco (http://www.pri.wur.nl/uk/products/canoco/) were designed to analyze classical ecological data and determine the ecological characteristics of microbial communities as well (323) . Borrowing from ecologists, who had long faced the issue of analyzing community data, microbial ecologists modified existing estimators of richness, diversity, and similarity to suit their data sets. Programs like EstimateS and mothur (http: //www.mothur.org) allow microbial ecologists to analyze their data using a number of ecologically important estimators, such as those developed by Chao (i.e., the ACE and Chao1 richness estimators) (45) (46) (47) 295) . Additionally, mothur allows users to compare communities (e.g., to determine whether two communities have the same membership or structure), as does the program QIIME (http://qiime.sourceforge.net/) (40, 295) . The application of pyrosequencing to microbial ecology has resulted in massive data sets that require several gigabytes of memory to store and necessitate the use of multiple processors to complete analysis in convenient time frames. Several computer programs and websites have been developed or modified in order to deal with the huge quantity of data generated by pyrosequencing runs. The Ribosomal Database Project (RDP) (http://rdp.cme.msu.edu/), which for many years has been used for classification of 16S rRNA-encoding genes, recently integrated a "pyrosequencing pipeline," which processes sequences and clusters them based on similarity to sequences in the RDP database (a taxonomy-based approach) (50) . Additionally, SILVA (http://www.arb-silva.de/) and greengenes (http://greengenes.lbl.gov/cgi-bin/nph-index.cgi) provide comprehensive rRNA gene databases to which 16S rRNA gene data generated by pyrosequencing can be aligned (66, 263 (147) . This Web-based project uses both operational taxonomic unit (OTU; defined by sequence-based phylogenetic distance)-and taxonomy-based approaches to analyze pyrosequencing data generated from the V6 region of the 16S rRNA-encoding gene. VAMPS also allows for easy visualization and presentation of the data and analyses. The aforementioned software packages mothur and QIIME are able to trim, denoise, screen, align, and analyze these sequences as well as to generate visual displays of the analyses (40, 294, 295) . These packages allow for complete analysis of an experiment, from the raw data generated by the sequencer all the way to the generation of figures for publication.
Despite advances in microbial ecologists' ability to generate sequence data, there are still challenges and limitations associated with describing communities based on 16S rRNA-encoding gene sequences. For example, the controversy surrounding microbiologists' inability to define a species now extends to sequence data. Multiple similarity cutoffs have been used to define a species-level OTU. Some groups use a phylogenetic distance of 0.03, which is equivalent to a similarity of 97%, to bin sequences into species-level OTUs. Others have used multiple distances, seemingly because it is not clear which distance is appropriate. The distance of 0.03 is appropriate for near-full-length 16S rRNA gene sequences (approximately 1,500 bp), but data generated by pyrosequencing on the 454 platform, which currently produces the longest pyrosequencing read lengths, are at most about 500 bp. Therefore, it is currently possible to pyrosequence only portions of the 16S rRNA gene, and these are typically specific variable regions within the gene. These regions have various amounts of variability, which can be quite different from the amount of variation observed across the full length of the gene. Schloss revealed that phylogenetic distances calculated using individual variable regions rarely correlated well with those calculated using full-length sequences (293) . The correlation between the V6 region and full-length sequences was particularly poor. Specifically, distances calculated using the V6 region were approximately 3-fold higher than those calculated using full-length sequences, which suggests that a distance cutoff of 0.10 may be closer to the species level than a cutoff of 0.03 for this region. Schloss further revealed that longer sequences (i.e., multiple regions sequenced as a single read, such as V1-3, V3-5, and V6-9) were better than shorter sequences at relating variations in portions of the gene to the full-length sequence (293) . Others reported that analyses of the V1-V2 region and the V6 region overestimated species richness and that analyses of the V3, V7, and V7-V8 regions underestimated richness, while analyses of the V4, V5-V6, and V6-V7 regions resulted in species richness estimates that were comparable to those generated during analysis of full-length sequences (372) . In addition, alignment of regions, gap treatment, and application of masks during analysis all have profound effects on downstream diversity analyses (293) . These studies show that correct analysis of data is highly dependent on the regions chosen for pyrosequencing. They also highlight the difficulties associated with interpreting sequence data. These issues, however, will become less important as the length of sequencing reads increases. Another limitation encountered with analyses based on the sequences of the 16S rRNA-encoding gene is that the gene does not contain information that is completely reflective of the remaining genome. Although organisms with similar 16S rRNA-encoding genes typically share similar genomes, they can in fact have vastly different functional capabilities. An example of this can be seen in Escherichia coli. Several strains of this species have nearly identical 16S rRNA-encoding genes but have very different functional capabilities. For instance, strain EDL933 is enterohemorrhagic, CFT073 is a uropathogenic strain, and MG1655 is a substrain of the classic lab strain K-12. These E. coli strains all contain 16S rRNA-encoding genes that are 99% identical, but genomewide, they share only 39% of their proteins (352) .
Another common example of function or activity not being represented by 16S rRNA gene similarity is the occurrence of various antibiotic resistance profiles of members of the same species. These sorts of differences are often explained by occurrences of lateral gene transfer, which would have enormous implications for ecosystem organization and function. Even though it is difficult, if not impossible, to draw conclusions about ecosystem functions based solely on analysis of the 16S rRNA-encoding gene, the presence, absence, or fluctuations of specific bacterial groups can be used to ascertain the effects of external and internal forces on the community as a whole. As we describe later, experimentation complementary to sequencing can determine whether bacteria in a community are active and can examine their functions and their interactions with other bacteria and their environments.
WHAT DO WE KNOW ABOUT HOST-ASSOCIATED MICROBIAL COMMUNITIES?
Host-associated communities are essential for a number of functions. Host development and health are dependent on the presence of an intact microbial community. Bacteria play important roles in everything from the development of light organs in the squid Euprymna scolopes to production of vitamins and essential amino acids in humans and the development of lymphatic tissues in mice (22, 107, 175) . Additionally, they impact fat and glucose utilization as well as the lymphocyte response to intestinal injury (152, 220, 331) . Host-associated microbes also contribute to host susceptibility to inflammatory bowel disease and infection-mediated diseases (103, 288) . Furthermore, these bacteria may contribute to host susceptibility to type 1 diabetes, allergies, and cancer (304, 354, 368) . Determining how much the human microbiota impacts its host's health and whether there is a core microbiome shared among humans are two of the initiatives put forward by the HMP (330) . Using the techniques described above, scientists have revealed that the human body is associated with an estimated 1 ϫ 10 14 microbial cells, representing approximately 90% of the cells in the human body (289) . This microbial community, the human microbiota, is comprised of all known forms of microorganisms (i.e., bacteria, archaea, protists, and viruses).
In this review, we focus on the bacterial communities that colonize three major body sites: the oral cavity, the vagina, and the gastrointestinal tract. These sites represent three of the five sites currently explored by HMP researchers (the skin and the nasopharyngeal tract are not reviewed here, but see references 56, 99, 118, and 367 for recent studies of these communities). Additionally, communities associated with several nonhuman hosts, which are important for their simplicity (in some cases), reproducibility, and manipulability, are reviewed.
Furthermore, the temporal stability of many of these communities, which is the ability to resist changes to structure and/or function over time, is examined. Many microbial communities associated with hosts change as the host ages and develops. These shifts are likely mediated by host immunity, maternally derived and perhaps otherwise (70, 155) . The shifts observed early in the development of the host and community are the result of multiple succession and assembly events. Additionally, the susceptibility of well-established communities to ecological events, such as invasion, periodic shifts in membership, or shifts in member abundance, can also result in temporal variation. Here we present examples of temporal variation associated with host development as well as variation associated simply with some length of time.
Determining the ecological characteristics, such as structure and function, of communities and monitoring change within communities are two examples of how microbial ecologists of all types have learned from each other. This section is representative of the potential benefits of cross talk between microbial ecologists, because the studies described here are direct beneficiaries of earlier studies that sought to characterize environmental samples as described in the previous section.
Oral Community
The human oral microbiota provided some of the first observed bacteria, as stated previously. These bacteria inhabit several locations in the oral cavity, including saliva, the tongue, tooth surfaces, and supra-and subgingival plaque. A recent study investigated the communities in 120 people from 12 locations around the world and revealed that the salivary microbial community from healthy individuals is composed of 6 to 30 species (234) . The community is predominated by several members of the genus Streptococcus. Other bacteria present include members of the genera Eikenella, Lautropia, Syngeristes, Bacteroides, Haemophilus, Actinobacillus, Gemella, Neisseria, Prevotella, Megasphaera, Stomatococcus, and Veillonella (234, 279) . Interestingly, the communities varied by individual within a location, and this variation was similar to the variation VOL. 74, 2010 HOST-ASSOCIATED MICROBIAL ECOLOGY 457 observed among individuals from different locations (234) . Most oral bacteria exist in biofilms known as dental plaque (171, 210) . Dental plaque forms naturally on the surfaces of teeth and in addition to bacteria is composed of water, polysaccharides, salivary proteins, and glycoproteins (210) . One of the first studies using traditional molecular methods indicated that over 450 species of bacteria inhabit subgingival plaque (251) . Recently, pyrosequencing data generated from saliva and supragingival plaque samples reported that up to an estimated 19,000 species are present in the collective human oral cavity, but the study did not address how many or which of these species would be expected in an individual microbiota or how many of these might be shared among all individuals in the study (161) . Another pyrosequencing-based study examined the tooth surface, cheek, tongue, hard palate, and saliva and revealed that the microbiota in individuals contained over 500 species and that 75% of species observed were present in two of three individuals sampled (374) . Additionally, 94% of the pyrosequencing reads from this study were grouped into OTUs shared by all three volunteers (374) . These data are consistent with others' findings that oral communities from individuals tend to be more similar to each other than communities from other body sites (56) . These findings are strong evidence for the presence of a core oral microbiome. Furthermore, a study by Zaura et al. determined that the salivary community is more similar to communities on mucosal surfaces than to those on tooth surfaces (374) . This is consistent with other findings that the bacterial communities in saliva and plaque are different in structure and in richness (161, 255) . Many genera of the oral cavity are found in multiple communities (i.e., salivary, mucosal, and dental communities). For example, Streptococcus is a predominant member in all communities. Other shared members include several of those listed above as well as Rothia, Capnocytophaga, Corynebacterium, Actinomyces, Fusobacterium, Porphyromonas, Campylobacter, and members of the TM7 phylum (161, 374) .
Ecological studies of dental plaque have revealed that the architectural organization of bacteria in dental plaque results from complex succession processes. Similar to the case in other microbial communities, bacteria in the oral cavity exhibit both mutualism, which spans the spectrum of obligation, and antagonism (see reference 198 for a review of bacterial interactions in communities, reference 181 for a review of interactions in oral communities, and reference 93 for a review of the microbial ecology of oral biofilms). Nutrient exchange and metabolic cooperation are often drivers for mutualistic interactions (198) . For example, under aerobic conditions, Actinomyces naeslundii and Streptococcus oralis, both early colonizers of tooth surfaces, are unable to grow as monocultures in unamended sterile saliva but are able to grow as a coculture (248) . Another dental plaque community member, Fusobacterium nucleatum, also requires the presence of A. naeslundii, but not S. oralis, for growth in unamended saliva. Interestingly, although F. nucleatum was not dependent on S. oralis for growth, its biovolume increased significantly when the three bacteria were grown together (257) . Furthermore, another plaque community member and periodontopathogen, Porphyromonas gingivalis, could not grow alone or with S. oralis but, when paired with F. nucleatum, grew well in a saliva-fed flow well. Additionally, this pathogen grew even better in the presence of two additional members, Veillonella and Aggregatibacter actinomycetemcomitans, or F. nucleatum. P. gingivalis also exhibits mutualistic interactions with various other bacteria shown to colonize dental plaque at various stages throughout microbial succession in plaque (258) .
The temporal dynamics of the oral community during host development have been studied intensely. The first several months of life are characterized by an edentulous oral cavity, and the resident bacteria are associated with mucosal surfaces. The initial bacteria, mostly streptococci, are acquired from the mother and environment, including food. These pioneer bacteria are later joined by a subset of bacteria associated with the adult community. After tooth eruption, others of these adultassociated bacteria begin to be established (209) . Early culture-based studies found that the oral community exhibits short-term variation, but this was likely due to technical reasons, ranging from changes in oral hygiene to subjects receiving antibiotic treatments (260) . One of the rare studies tracking the microbiota of healthy adult subjects found that the oral community was relatively stable during a period of 7 years (269). In healthy communities not undergoing external perturbations, community composition tends to remain constant and the abundance of members commonly shifts (214, 260, 269) .
Vaginal Community
Another well-studied community is that of the vagina. This community plays a large part in protecting the reproductive tract from pathogens and the potentially harmful external environment to which it is exposed (for a review, see reference 364). The healthy vaginal community is comprised of at least 25 members, mostly from the Firmicutes phylum (241, 377) . Most vaginal communities in healthy women are dominated by Lactobacillus species, although this is not always the case (149, 165, 309, 364, 377) . Lactobacilli are thought to protect the vaginal tract by competitively excluding pathogens from binding mucus and epithelial receptors and by producing various antimicrobial substances (27, 309) . Other bacteria that sometimes predominate the healthy community include Bifidobacterium, Gardnerella, Prevotella, Pseudomonas, Streptococcus, Peptostreptococcus, Atopobium, and an uncultured member of the order Clostridiales (133, 149, 270, 377) . Vaginal communities typically display one of several structures, and there are significant differences between the community structures in women of different ethnic backgrounds (270, 377) . These findings suggest that a core microbiota may not exist for the vaginal community (270) . Additionally, the composition of the community varies by location within the vaginal canal (165) .
Several studies suggest that the composition of the healthy vaginal microbiota exhibits little temporal variation over short periods ranging from a few days to 3 months. Indeed, others have suggested that vaginal communities likely exist in a state of dynamic equilibrium (270) . Interestingly, bacterial vaginosis is characterized, in part, by shifts in the structure of the microbiota (e.g., reduced population of lactobacilli as well as the presence of Gardnerella vaginalis and an assortment of other bacteria), and retrospective studies indicate that approximately one-third of women will experience bacterial vaginosis (4, 11, 176, 240) . This suggests that temporal shifts in structure may be more common than is realized. One recent study tracked vaginal community members (G. vaginalis, Atopobium vaginae, and four Lactobacillus spp.) in 12 patients over time and monitored shifts in bacterial vaginosis status (75) . Generally, the communities maintained their structure over time, except when patients shifted from being healthy to positive for bacterial vaginosis.
These ecological findings have important implications for medical microbiology and the practice of medicine itself. Because we now know that the "healthy" vaginal community exists in several states, some of which are predominated by bacteria other than species of Lactobacillus and/or contain vaginosis-associated bacteria, and we have access to other ecologically important information (i.e., increased community diversity in patients with obvious symptomatic bacterial vaginosis), methods for diagnosing bacterial vaginosis are being reconsidered (34, 165, 241, 309) .
Gastrointestinal Community
Initially, microbiologists thought that the stomach did not contain resident bacteria and that any bacteria detected were simply transients. Despite its extremely low pH, the stomach contains a rich microbiota composed of a diverse bacterial community in addition to several fungal species (24, 289) . Although it is not clear which portion of the detected communities are transient or resident, studies using clone libraries and pyrosequencing suggest that the bacterial community may contain up to a few hundred members (14, 24) . Members of the community are affiliated with the Firmicutes, Actinobacteria, Bacteroidetes, Proteobacteria, and Fusobacteria phyla (14, 24, 244, 289) . Less abundant members belong to the TM7 phylum, Deferribacteres, Deinococcus/Thermus, and others (14, 24) . The membership of the gastric community is consistent and does not change with anatomic location (i.e., the corpus and antrum) (24) . Interestingly, this community is similar in composition to that in the esophagus, which contains species observed to be components of the oral cavity (14, 253) . The presence of bacteria found in both the oral cavity and the esophagus, such as Streptococcus, Actinomyces, Prevotella, and Gemella, indicates that a portion of the stomach community may be a result of translocation of upstream community members (14) . However, there are several members of the stomach community that are specifically associated with it (14) . Further downstream, the small intestine also contains bacteria similar to those in the stomach (128) . However, there is a shift in community structure, as facultative anaerobes are replaced by obligate anaerobes as the predominant members as one moves distally in the gastrointestinal tract from the ileum to the colon (128, 349) . The microbial community in the lower gastrointestinal tract has the highest density of organisms (an estimated 10 12 bacteria/g) associated with the human body, and recent pyrosequencing data suggest that this community may be composed of more than 5,000 bacterial taxa (defined as reference sequence-based OTUs) (68) . Although the human gut community has many members, it is comprised of only a small portion of known bacteria and is predominated by two bacterial phyla-Bacteroidetes and Firmicutes (78) . It is thought that the gut environment selects for a community of low diversity at higher phylogenetic levels (ϳ7 to 9 divisions) and extremely high diversity at lower phylogenetic levels (thousands of strains) (195) . Additionally, there is a high level of variation among individuals at lower phylogenetic levels, but not surprisingly, at higher taxonomic levels there is a high level of conservation (24, 78, 142, 366) . Despite compositional variation, microbial function in healthy individuals is maintained. This suggests that although there is not a core microbiota in the gut, there may well be a core microbiome.
The gut microbiota of human neonates and infants exhibits little temporal stability; however, within the first 2 years of life, the infant community becomes similar to adult communities (204, 247) . Newborns acquire their microbiota from a number of sources. Members of the initial colon community include Escherichia coli, other enterobacteria, enterococci, streptococci, staphylococci, Bacteroides, bifidobacteria, and clostridia (89, 204, 247, 250, 254) . It is thought that aerobes and facultative anaerobes reduce the redox potential of neonatal guts such that obligate anaerobes are later able to become established and to grow (314) . The composition of the microbiota is in part dependent on the mode of birth (cesarean or vaginal) and feeding (breast or bottle) and on environmental conditions (204) . The first days of life are often characterized by the presence of communities that are dominated by one or two taxonomic groups and then become more even as time progresses (89, 247, 250) . Interestingly, the communities in infants 11 months after birth contain strains of Bacteroides and Bifidobacterium spp., the dominant gut bacteria, that are different from those in their mothers (332) . From infancy to adulthood, the microbiota remains relatively stable (142) . Likewise, throughout young to mid-adulthood, the gut microbiota is thought to exhibit very little temporal variation (289, 379) . During adulthood, the community exhibits limited variation over extended periods, despite fluctuations of minor members such as Lactobacillus spp. (214, 266, 290, 339) . Additionally, the transition to late adulthood is marked by a decrease in the bifidobacterial population (141, 142, 225) . (See reference 245 for an in-depth review of community development in the human gastrointestinal tract.)
The complexity of the human gut microbiota makes it difficult to dissect the interactions among its members and with its host. This complexity has led to the gleaning of information from ecological studies of nonhuman host-associated communities. For example, much of what we know about the importance of the gut microbiota to host health has been determined using animal models such as the gnotobiotic mouse. The use of various mouse models has revealed that the community protects against intestinal epithelial injury, influences healing following mucosal injury, impacts energy extraction and storage, and contributes to the development of normal immune function (18, 140, 152, 267, 313, 319 ). An additional advantage to the mouse model is that within colonies and, in particular, within cages, the communities within individuals are very similar (15) . In contrast, humans contain communities that exhibit high levels of interpersonal variation (15, 24, 78, 142, 366) .
The classic, culture-based study of temporal changes in the native murine gut community by Schaedler et al. revealed that lactobacilli dominate the gastrointestinal tract within days of birth. In addition to these lactobacilli, there is a population of Flavobacteria that is of equal abundance. By about 1 week of age, however, flavobacterial populations are significantly decreased (291 was a high degree of temporal variation of enterococci in the colon, although more recent results indicate that this is not always the case (70, 291) . The ileum is also a site of temporal variation (70, 291) . The Bacteroides population in particular exhibits low temporal stability compared to other ileal community members (70) . Not surprisingly, there is also a shift in community structure during weaning of mouse pups (70) . Following weaning, the cecal community goes through what appears to be a stage of transition before reaching a period of little temporal variation at about 5 weeks of age, which lasts until at least 8 weeks of age. At 10 weeks, however, there is yet another shift in structure (163) . Another study, however, suggests that the period of little temporal variation may range from 6 to 15 weeks of age (17) .
Other Host-Associated Communities
In addition to the mouse, several other nonhuman hosts have also been studied for decades. Most of these are important to humans because of their use as food, their economic impact, and the level of interaction they have with humans. The practice of amending feed with antibiotics for growth promotion and prophylactic purposes has been questioned in light of the escalating issue of antibiotic resistance in both animal and human bacterial isolates (9, 12, 37, 281) . Although it is not clear how this practice has impacted the reservoir of antibiotic resistance genes or their transfer among bacteria, the issue has led to in-depth investigations of the native microbial communities. Furthermore, as stated previously, these hosts are important components of our ability to stringently test vast hypotheses concerning the structure and function of host-associated communities.
The communities in broiler chickens have been studied since the 1960s (20) . These communities are particularly rich in obligate anaerobes and contain members of several phylogenetic groups, including the Bacteroidales order, the Lactobacillaceae family, the Enterobacteriaceae family, and members of the genera Enterococcus, Campylobacter, Atopobium, and Veillonella (363) . Temporal stability in broiler chicken communities mirrors that in human communities. Newly hatched chicks obtain their gut microbiota from their mothers and the environment. Within hours, anaerobic bacteria are detected, followed several days later by streptococci and enterobacteria. Predominating members of the cecum within 1 week of hatching include Salmonella, E. coli, Lactobacillus, Clostridium, Atopobium, Enterococcus, and members of the Bacteroides (10, 363). As the birds age, the bifidobacterial population size increases, the Salmonella population decreases, and the community becomes more even (i.e., the abundances of individual members become more similar) (10, 363) . The ileum is predominated by lactobacilli from as early as 4 days posthatching (10) . This large ileal lactobacillus population remains throughout the life of the chicken (10, 168, 201, 363) . During development, the structure of this population shifts and the species of Lactobacillus change (168) .
Bovine rumen communities are of interest for the reasons stated above as well as for their potential for harboring enzymes necessary for plant cell wall degradation, which could be useful in biofuel production (35, 308) . These communities contain members of the Cytophaga-Flavobacterium-Bacteroides (CFB) and Protebacteria phyla, as well as members of the Firmicutes phylum (35, 321, 356) . A recent pyrosequencing study estimated a species richness of about 200 members in the bovine rumen (35) . In that study, three rumens were examined for their community structure and metabolic potential. Similar to the variation seen in humans, despite being fed the same diet, the three steers contained communities that were different in structure and metabolic potential. Although there has been limited work investigating the temporal dynamics of the bovine rumen community, there are indications that these communities exhibit variability to some extent during feeding cycles and over a period of several weeks (222, 353) .
Microbial communities of invertebrates are also of interest. There are literally millions of insect species, and most of these are likely to be associated with at least one bacterial symbiont (182, 215, 318) . Scientists have been studying these symbioses since 1882 and estimate that certain intracellular associations are up to 270 million years old (229, 230, 317) . Similar to the microbial community in the human gut, the insect gut community plays a role in host health and is important for nutrient acquisition, detoxification, and colonization resistance (71) . Some of the best-studied insect communities are those in termites. Like that of the bovine rumen, the termite gut microbial community has garnered attention due to its enzymatic profile (35, 308) . These communities contain archaea, fungi, protists, and dozens to hundreds of bacterial taxa, several of which are unique to the termite gut, and likely contain more novel species (31, 137, 138, 185, 242, 297, 298, 369) . Bacterial members of these communities affiliate with more than 15 phyla, including the Spirochaetes, Fibrobacteres, Proteobacteria, CFB, Firmicutes, and Actinobacteria (137, 242, 297, 298, 369) . Furthermore, several bacterial members are endo-and ectosymbionts of the protist members (150, 239) . The interactions of bacteria and protists in this community have also been studied in detail (see reference 242 for a review). These communities have likely coevolved with their hosts and are essential for termite longevity (86, 138) . Additionally, it has been shown that specific groups within the community carry out specific tasks in the gut. For example, hindgut community members from the genus Treponema catalyze the synthesis of acetate, which is a significant energy source for termites (32, 186) . Recently, a metagenomic analysis of the hindgut community revealed that it contains several genes necessary for cellulose and xylan hydrolysis, in addition to those for acetogenesis and several other functions related to carbohydrate degradation and nitrogen fixation. Furthermore, metagenomic fragments containing these genes were linked phylogenetically to members of the Spirochaetes and Fibrobacteres (350) .
The microbial communities of other insects, including several beetle and cockroach species, have been studied intensely and have informed our understanding of the complex interactions among host-associated community members and with their hosts (82, (104) (105) (106) 342) . The communities of other insects, such as those from the family Lepidoptera, have gained attention for their relative simplicity (tens of species versus the hundreds observed in termites, beetles, and cockroaches) and ease of manipulation (33, 124, 274) . Recently, bacterial signaling in a multispecies community was demonstrated in the midgut of the cabbage white butterfly, Pieris rapae (Lepidoptera: Pieridae), when a community member, Pantoea CWB304, was shown to produce and detect quorum-sensing molecules in vivo (28) .
Next Steps
Now that we are beginning to grasp the diversity of host-associated communities and are able to identify members of these communities, our next goals must include linking function with identity, as has been done in the insect system. Although metagenomics allows us to access the functional potential of a community and to identify its members, we have arrived at a point where it is desirable and feasible to assess community functionality and to link that to individual members or groups of members. There are several techniques in widespread use in environmental ecology that combine the identification of bacteria within a community with identification and assignment of function. One of these is the use of stable-isotope probing (SIP), which allows for the identification of community members capable of utilizing a substrate of interest by detecting stable isotopes that have been incorporated into cellular components such as nucleic acids. This technique involves introduction of a stable isotope-labeled substrate, usually containing 13 C, to a community, followed by FISH, nucleic acid extraction, and sequence analysis, T-RFLP analysis, or some other method of determining community composition (76, 131, 144, 226, 265) . In one example, Pseudomonas fluorescens, Pseudomonas putida, and an uncultured Acidovorax sp. were shown to be capable of naphthalene biodegradation in a groundwater microbial community by stable-isotope probing of mRNA and rRNA coupled with Raman-FISH, which allowed for analysis of community composition, gene expression, and single-cell physiology (144) . In vitro models of the human intestine and computer modeling have recently shown the potential for SIP to elucidate function in host-associated communities (61a, 81, 177). The application of SIP to animal and human communities has many challenges, such as potential inhibition of substrate delivery, but with collaboration between environmental microbial ecologists and those that study hostassociated communities, several of these should be surmountable (see reference 80 for a review).
Another area of research that is likely to be important includes the study of intracommunity interactions, similar to studies that have revealed symbioses among termite gut inhabitants. These studies are being done in oral cavity communities and would likely prove fruitful if replicated for other body sites. Studies of oral cavity community members go beyond identifying "healthy" and "unhealthy" communities and also investigate interactions among "normal" members and pathogens (e.g., see reference 258). Furthermore, they delve into the complicated interaction web of the "normal" community. Studies of the flagellate and bacterial symbioses in the termite gut further demonstrate our ability to dissect interactions between community members. It seems reasonable that experiments should be conducted to determine whether these interactions also occur in other environments, including the human gut. Understanding not only the composition of communities but also the functions of community members and the factors that shape assembly will be key to a number of applications, including the development of medical treatments such as drugs that affect community structure and "designer" communities.
In the future, understanding the temporal stability of communities will continue to be important. Studies of temporal stability in host-associated communities are often buried in other studies. This is likely because studies of temporal variation may be construed as tedious "fishing expeditions." However, these studies are necessary in order to understand the dynamics of communities that are essential for the health of their hosts. We are still in the infancy of understanding the nature of these communities. We must ask basic questions about host-associated communities, and journals and funding agencies must support scientists in our quest to understand these fundamental aspects of community dynamics. There is a noticeable paucity of recent, arguably more accurate, molecular biology-based studies of temporal changes in native murine gut communities. This is interesting since so much of what we know about host-associated communities comes from studies of the mouse community (e.g., the links between the microbiota and cancer and the neurological system, as well as the well-established interactions between the microbiota and host development and physiology [8, 18, 205, 313] ). Most of what has been published recently on the temporal variation of the murine community seems to be necessary controls for other studies. It seems likely that labs that work on the microbial communities of mice have the data or biological materials necessary to assemble a substantial work investigating the temporal stability of native, untreated communities in mouse colonies, but for some reason they have not published this information. Every aspect of every community cannot be studied, but for the animal that has been so important in our understanding of host-microbe interactions, we argue that an exception must be made and that we are obligated to study this community as thoroughly as we can, just as other microbiologists have studied another workhorse organism, E. coli.
BEYOND DESCRIPTION: THE APPLICATION OF ECOLOGICAL THEORY TO THE HUMAN-ASSOCIATED MICROBIOTA
Researchers participating in the HMP are actively involved in describing the overall diversity of the human-associated microbiota. One goal of the HMP, as stated previously, is to determine whether there is a core microbiome (330) . This can be determined by comparing the communities in a large number of individuals and looking for genes with a high prevalence. However, the most exciting questions (What is the association between community structure and disease? How do microbial communities assemble in the human body? How do they respond to disturbance?, etc.) require the ability to detect and understand variation in the microbiota across individuals, rather than common properties. This is a much more difficult task and requires the use of ecological theory. Understanding the principles that govern the formation and persistence of ecological communities is a central goal of the general science of ecology (262) . Much progress has been made toward this goal, both in our understanding of the fundamental principles that underlie community structure and in the development of tools, approaches, and theory for the study of communities (116, 143, 198) . Here we explore theories that attempt to explain various aspects of community structure and concepts that provide the framework for our understanding of commu-VOL. 74, 2010 HOST-ASSOCIATED MICROBIAL ECOLOGY 461 nity responses to various ecological challenges, such as perturbation.
Community Structure
Diversity and structure. Understanding the principles that govern ecological communities requires rigorous metrics for describing community properties. As described previously, communities can be described using the concept of diversity or that of community structure (25, 146, 198) . These two concepts are obviously related. One way that they are explicitly linked is through the concept of "components" of diversity. Whittaker first proposed that diversity could be thought of as occurring simultaneously on three scales (357) . Local diversity (which he called alpha diversity) is the diversity measured at a particular locality (e.g., the diversity of the microbial community within a single host). Regional or landscape diversity (gamma diversity) is the diversity of a set of these localities (e.g., the diversity of the microbial community found in a population of hosts). Alpha and gamma diversities are linked through beta diversity, the change in community composition across local communities (e.g., the difference in community structure from host to host). For example, a high gamma diversity could be present if local diversity is high and the difference in structure among local communities is low or if local diversity is low and the difference among communities is high. Studying the variation in beta diversity has emerged as a particularly powerful tool for understanding the principles governing ecological communities (116) . General ecology has developed a deep theoretical literature regarding the principles that govern beta diversity. This literature suggests a number of hypotheses regarding the processes most likely to determine community structure.
Hypotheses regarding the determinants of community structure. The community structure of the host-associated microbiota could be uniform across hosts (zero beta diversity), with observations of interindividual variation arising simply through measurement (i.e., sampling) error, or it could vary substantially (nonzero beta diversity). There is growing evidence of nonzero beta diversity among host-associated microbiota populations (56, 69, 100, 192, 329) . Nonzero beta diversity can be classified into two types: random and nonrandom. Random differences among communities arise from the effects of random sampling of the "species pool" (those species available for colonization) by local communities (187) . For example, each host in a population could be randomly sampling microbial taxa from a common environmental inoculum, and beta diversity in the host-associated microbiota could arise solely from this (187) . Alternatively, beta diversity can be nonrandom. Nonrandom beta diversity could arise from two potential sources: dispersal limitation and ecological interactions. Models of dispersal limitation (often referred to as "neutral" models) assume that the primary driver of community differences is heterogeneity in dispersal (145) . For example, certain microbial taxa might be more likely to disperse to hosts (and colonize them) than others, perhaps because they are closer to hosts spatially or because they have traits (such as motility) that increase the rate or extent of dispersal relative to those of other microbial taxa. Community patterns consistent with dispersal limitation have been reported for some host-associated communities (e.g., see reference 306). Nonrandom patterns could also result from ecological interactions (e.g., see references 48, 328, and 358). Such interactions could consist of "environmental filtering" by hosts (often referred to as "host selection"), in which the within-host environment allows only certain microbial taxa to colonize or persist. Alternatively, it could be due to interactions among microbial taxa. These interactions could include negative interactions (such as competition for resources) or positive interactions (such as facilitation). Such interactions could result in "priority effects," where the order in which specific taxa colonize the host determines community structure (280) .
Identifying the determinants of community structure. How does one distinguish among the different hypotheses regarding the causes of beta diversity in host-associated communities? Ecologists have devised a number of approaches (reviewed in reference 187). To determine whether beta diversity is random or nonrandom in nature, there are two basic approaches. Starting with knowledge of the structure of the inoculum source community, simulation can be used to model the random sampling of this inoculum, and the resulting distribution can be compared with the distribution of taxa across individual hosts (e.g., see reference 143). Alternatively, one can use information regarding the source community and statistical theory to predict analytically the distribution resulting from random sampling and then compare this to the actual observed distribution (117) . These approaches require knowledge of the source community, and this is not yet understood for most host-associated communities. However, given a large and diverse set of hosts, one can approximate the source community as the sum of all taxa found across hosts.
If one has established that beta diversity is nonrandom, there are several ways to determine the relative importance of different processes (e.g., dispersal limitation, different forms of host selection, etc.) in determining this pattern. One popular approach is variance partitioning (26) . This approach uses data regarding the taxa found at each site (e.g., host) and other properties at each site (e.g., location of host, genotype of host, diet of host, etc.) to partition the total variance in community structure across sites into the respective contribution of each site property and their covariations. This approach is very popular among general ecologists, with over 1,500 published uses (256) , and it is starting to be used by microbial ecologists as well (148, 162, 169, 183, 268) . Two methods have traditionally been used to partition the variation of community composition data: canonical partitioning and distance partitioning (187, 268) .
Variation partitioning can be used to estimate the relative contributions of measurable properties of a host to host-associated community structure. But what about the contribution of interactions among microbes (which are often not directly measurable, at least in complex communities)? It is possible to infer the relative importance of some interactions (e.g., competition) from the phylogenetic structure of communities (e.g., see reference 143; also, for an in-depth review of the intersection of community ecology and phylogenetic biology, see reference 44). Competition tends to select for community members that are more distantly related to each other than predicted by random sampling of the inoculum community (a pattern termed phylogenetic overdispersion [130] ). Conversely, a community structured primarily by host selection tends to have members that are more closely related than predicted by random sampling (termed phylogenetic clustering [130] ). The degree of phylogenetic overdispersion or clustering can be calculated from molecular community structure data (36, 143) . Microbial ecologists have investigated the phylogenetic ecology of several environmental systems, including wastewater treatment plants, lakes, and cactus yeast communities (13, 237, 259) . Although this topic has not been investigated or addressed explicitly with the human microbiota, the concepts (e.g., the host selecting for a highly related community) have been pondered for several years in host-associated microbial ecology (e.g., see reference 195) . It seems that the most direct initial step for the host-associated scientific community will likely be retrospective studies that mine existing sequence data for patterns of phylogenetic overdispersion or clustering.
Biogeographic Patterns
The environmental forces that determine community structure can impose patterns on community structure over space and time. Change in beta diversity is one such pattern. But there are other patterns that may result as well (213) . These patterns can be used as tools to better understand how microbial community structure is determined. Collectively, the study of patterns in community structure over space and time is known as biogeography. A number of biogeographical patterns have been documented for microbial communities, including distance-decay, taxon-area, and taxon-time patterns. Since these patterns are also common in plant and animal communities, there is a wealth of general ecological theory that links them to processes of community assembly. However, there has been little attempt to look for such patterns among host-associated microbial communities. This is likely to change soon. Understanding the biogeography of the human-associated microbiota is an explicit goal of the HMP. A recent example of such work is that of Costello et al. (56) . This work utilized 454 pyrosequencing to identify the members of oral, skin (up to 18 locations), fecal, nostril, hair, and ear communities of nine healthy individuals on two consecutive days at two time points 3 months apart. Communities were found to cluster by body site, as opposed to sex, individual, or date of sampling. Within a habitat, there was high variability among individuals. The oral community, however, was more consistent, within and among individuals, than the other body sites. An interesting aspect of this paper was the attempt to determine the impact of current environmental conditions and historical factors, which can confound our ability to understand the effect of spatial variation, on community assembly (56, 213) . In this case, the historical factor tested was the presence of certain bacteria. The communities from tongues were applied to disinfected forearms or foreheads. The resultant communities on forearms were more similar to tongue communities, and the resultant communities on foreheads were more similar to forehead communities (56) . These results indicate that similar to environmental communities, the spatial variation observed in host-associated communities is due to both environmental (e.g., excretion of sebum, the oily compound secreted by sebaceous glands in skin) and historical factors.
Future work. How environmental and historical factors impact the communities in sites such as the gastrointestinal tract, the vaginal canal, and the oral cavity, which contain several different communities, remains to be seen. We also do not know whether the influence of these factors changes from site to site, although the work of Costello and colleagues seems to suggest that this is the case. Furthermore, one of the conceptual challenges of applying biogeography to the human microbiota is linking the findings to something less abstract than the theory itself, such as human health. Here we present questions whose answers should inform not only biogeography but also our understanding of health and disease in the context of the microbiota. Healthy individuals are associated with communities that group based on body site, but what about unhealthy individuals? Do the same rules apply to their communities? How do we utilize biogeography patterns to aid in communitybased (at least in part) diagnoses? For example, if "healthy" environmental factors strongly suggest that the presence of acid-tolerant bacteria is normal, then the presence of acidsusceptible bacteria would be indicative of a potentially "unhealthy" state. In this case, unexpected biogeographical patterns along with shifts in structure would be the "red flag," as opposed to just the shift in structure. This sort of additional information could be useful in a number of situations, including diagnoses of bacterial vaginosis.
Resistance and Resilience
In addition to affecting community assembly, environmental factors can also play roles in structural changes in established communities. Community stability is a functional property that focuses on community dynamics in response to perturbation (153, 198) . There are several definitions and concepts associated with stability, which have been reviewed elsewhere (e.g. see references 153 and 216) . Briefly, stability can be defined as the ability to return to an equilibrium state following perturbation, the ability to resist change (also known as resistance or resistance stability), the rate of return to an equilibrium following perturbation (also known as resilience or resilience stability), or overall system variability (3, 126, 153, 203, 216, 261) . Furthermore, stability can be determined by monitoring changes in community structure and function (e.g., see reference 114). Additionally, ecologists have long studied the influence of diversity on stability (e.g., see references 188, 203, 218, and 261). Both empirical and theoretical studies indicate that diversity enhances stability; however, aspects of stability can be affected differently, and these relationships play out in multiple ways in different ecosystems (e.g., see references 101, 139, 156, 292, 325-327, 334, 340, 351, and 375) . For example, it has been shown that while diversity increases total community stability, it decreases the stability of populations within a community (156, 188, 340) . These ecological concepts have been studied in a wide range of communities (Table 2 ). This section focuses on what is known about the resistance stability and, to a lesser extent, the resilience stability of host-associated communities in response to diet and antibiotics.
Diet. The community in the human gastrointestinal tract is influenced by a number of factors, including diet (67, 289) . Early studies of the microbial communities in humans examined dietary practices. For example, comparisons of fecal com-VOL. 74, 2010 HOST-ASSOCIATED MICROBIAL ECOLOGY 463 munities from subjects whose nonvegetarian lifestyles were influenced by religion revealed significant differences from those of other nonvegetarian subjects who consumed a standard Western diet (94) . As expected, some species within the microbiota are more sensitive to dietary changes than others. A gluten-free diet has a significant impact on certain groups of bacteria, including Bifidobacterium populations, within the gut microbiota and can partially restore the altered microbiota of celiac patients to a microbiota similar to those of healthy individuals (51, 65) . Diet-induced obesity has been linked to the structure of the gut microbiota. In obese subjects, Bacteroidetes populations are smaller and populations of Firmicutes are larger than those in nonobese subjects. This trend of large Firmicutes populations and small Bacteroidetes populations reverses as obese subjects lose weight by switching to lower-fat diets (191) . Similarly, mice fed high-fat diets also contain communities with small Bacteroidetes populations and with elevated Firmicutes and Proteobacteria populations (132) . This study also revealed that the high-fat diet, not the obese state of the mouse, caused the shift in community structure by using one strain of mouse that did not gain weight as well as one that did (132) . Interestingly, although germfree mice conventionalized with the microbiota of mice reared under standard conditions consumed less food than control mice, they gained weight because the microbiota induces lipogenesis (18) . These studies of community resistance to dietary fat and community function have revealed how fundamentally important host-microbe interactions are and how relevant community structure can be to host health.
Other dietary components, such as certain carbohydrates, have been studied for their efficacy as prebiotics, defined as nondigestible food ingredients that simulate the growth or activity of beneficial members of the human gut microbiota (172) . Inulin and fructo-oligosaccharides, for example, significantly increase Bifidobacterium populations within the gut microbiota (typically determined from fecal samples) of test subjects compared to control subjects or to samples taken prior to administration of the treatment (29, 166, 184, 197, 221) . This increased detection of bifidobacteria in response to certain oligosaccharides is also seen in the microbiota of rats and mice and in the microbiota of gnotobiotic rats colonized with human fecal bacteria (38, 284, 335) . Additionally, these oligosaccharides can increase populations of lactobacilli and total anaerobes while decreasing total aerobes and other groups of bacteria, such as the sulfite-reducing bacteria (38, 184, 284) . Although resistance to inulin and other prebiotics is low, it appears that the gut microbiota exhibits resilience following the conclusion of treatment. Kruse et al. showed that 34 days after a 64-day treatment period, Bifidobacterium population sizes in 8 human subjects began to return to the levels observed before treatment (179) . Studies of the mouse gut microbiota also suggest that prebiotic effects are short-lived. Within 1 week of completing a 6-month period of treatment with prebiotics, members of the gut microbiota of mice reverted to population levels similar to basal levels (284) .
Fiber, which is a generalized term for indigestible plant components and includes inulin and other oligosaccharides, has been investigated for its anti-colon cancer properties for several years. Not surprisingly, high-fiber diets result in communities that are different from those formed in the presence of low-fiber diets. For example, a high-fiber (from freeze-dried fruit and vegetable extract) and olive oil diet was found to significantly reduce the incidence of intestinal adenomas in mice as well as to alter the microbial community, as determined using DGGE analysis (205) . Fiber is also of interest for livestock health, since fiber degradation can contribute a significant portion of energy requirements. For example, in an effort to increase populations of bacteria that degrade fiber, Varel et al. fed pigs a diet high in alfalfa fiber. This resulted in a community that contained more xylanolytic and cellulolytic bacteria within 3 days of beginning the diet treatment than those in pigs fed a control diet (341) . The mechanism for fiber-induced shifts in structure is likely linked to the fact that several eukaryotic, archaeal, and bacterial microorganisms are important in the degradation of fiber in the gut and interact trophically (108) .
Grain types have also been studied for their influence on microbiota structure in livestock. Pigs fed a rice-based diet have different community structures than pigs fed a wheat-and barley-based control diet (189) . Likewise, feeding pigs corn-, wheat-, or barley-based diets also resulted in different communities (134) . However, in turkeys, the microbial communities were resistant to changes in grain type (corn versus wheat) (286) . Turkey communities did, however, increase in diversity upon the addition of two enzyme preparations thought to promote intestinal health (286) . Chicken communities were resistant to changes in diversity and richness when fed either corn or another grain, triticale. Interestingly, changes in diversity and richness were seen when the triticale was fed as whole grains compared to finely ground grain (285) .
Microbial communities in invertebrate hosts also exhibit various resistances to changes in diet and dietary components. We revealed that the midguts of cabbage white butterfly larvae fed Brussels sprouts contained communities that were significantly different from those in larvae fed a sterile artificial diet (274) . Additionally, sinigrin, a phytochemical found in Brussels sprouts and other cruciferous vegetables, alters the microbiota such that it is more similar in structure to the microbiota observed when larvae are fed Brussels sprouts as opposed to an unamended sterile artificial diet. Similarly, the gypsy moth community varied when larvae were reared on a sterile artificial diet, aspen, larch, oak, or willow (33) . Likewise, the structure of the Proteobacteria population within the microbial community of the cricket hindgut was susceptible to changes in diet (283) . These results indicate that these communities, or at least certain populations within the communities, have low resistance to phytochemicals.
Antibiotics. Mass production of antibiotics has resulted in the revolutionary treatment of infectious diseases. However, since the wide-scale introduction of these drugs, it has been noted that treatment often comes with the side effect of diarrhea (i.e., antibiotic-associated diarrhea), and sometimes there are worse effects (e.g., Clostridium difficile infection and colitis) (21, 348) . These side effects are indicative of disruptions of the intestinal microbiota. This susceptibility of the microbiota to antibiotics has been well documented (for a thorough review of the effects of antibiotics on various microbial communities associated with the human body, see reference 320). Studies of the effect of antibiotics on the human gut community have covered fluoroquinolones, lincosamides, beta-lactams, oxazo- lidinones, and nitroimidazoles, among others (154, 196) . Typically, these studies show decreases in total bacterial counts and shifts in relative proportions of certain populations. This is not unexpected, since the activities of antibiotics against various bacteria vary due to a number of factors. In general, human-associated microbial communities exhibit low resistance to antibiotics. However, the resilience of these communities seems to be varied. Previously, we reported that a patient was given amoxicillin-clavulanic acid for 10 days, and by day 4 of the treatment, the patient's community exhibited decreases in Bacteroides fragilis, clostridial clusters IV and XIVa, and bifidobacterial populations, while there was an increase in Bacteroides distasonis and Enterobacteriaceae populations (371) . Two weeks following the treatment, the community had started to return to its initial structure, with an increase in B. fragilis and clostridia and a decrease in B. distasonis and Enterobacteriaceae. Interestingly, the bifidobacterial population did not return during the experimental period. Similarly, de la Cochetiere et al. also demonstrated high resilience in gut communities (62) . Following a 5-day treatment with amoxicillin, the microbial communities in the fecal samples of subjects were altered from pretreatment structures, as determined by DGGE. However, within 30 days posttreatment, the communities had begun to resemble pretreatment structures, with a similarity average of 88%. Interestingly, a 7-day treatment with clindamycin had vastly different results. Jernberg et al. recently reported that the clindamycin-induced shift in community structure persisted for up to 2 years posttreatment (154) . Using pyrosequencing, Dethlefsen et al. investigated the reaction of the human microbiota to ciprofloxacin. They found that a 5-day ciprofloxacin treatment typically reduced richness, diversity, and evenness of the community and affected 30% of the OTUs observed. At the end of a 4-week recovery period, the communities had returned to structures that were typically similar to structures observed before treatment began. Interestingly, the same taxa within different individuals responded differently to the antibiotic treatment and exhibited temporal variation in population size before treatment (68) . This study was particularly interesting because it also addressed the impact of temporal variability on the response to antibiotics. Similar to this study is one that examined the ability of the murine gut microbial community to recover following antibiotic treatment, also by use of pyrosequencing. Antonopoulos et al. showed that mice reared in the same cage have remarkably similar communities, and therefore individual-to-individual variation would not be a confounding factor in the analyses of these communities, as it can be in human studies (15) . Two antibiotic treatments were examined for their impact on structure: a cocktail of amoxicillin, bismuth, and metronidazole (AMB), formulated into food pellets; and cefoperazone, administered in drinking water. Treatment with the antibiotic cocktail resulted in a shift from a Firmicutes-dominated community to one dominated by the Proteobacteria. A 2-week recovery period resulted in a community that was similar to the pretreatment community. The cefoperazone treatment resulted in a community that could not be detected using bacterium-specific primers and PCR. However, the communities in mice that were allowed to recover in isolation contained fewer members and were dissimilar to the communities in control animals, once again highlighting the point that although there are trends in how antibiotics affect communities (e.g., decreased richness), the effect on specific members varies (15) .
In addition to treating infections of individual pathogens, broad-spectrum antibiotics are used to alter entire communities, as in the case of inflammatory bowel disease (276) . Additionally, women diagnosed with bacterial vaginosis are commonly given a prescription for the antibiotic metronidazole (16) . Although it is not clear that the clinical symptoms commonly attributed to mild bacterial vaginosis are indicative of a disease that should be treated with antibiotics, physicians monitor the effectiveness of antibiotic treatment by a number of criteria, including the composition of the vaginal microbial community. In one study, treatment with a topical metronidazole gel resulted in vaginal communities that were typically dominated by Lactobacillus iners (92) . Four of six subjects were considered "cured"; however, in three patients whose pretreatment communities contained Atopobium vaginae, responses to metronidazole were mixed. The treatment of two of these patients "failed," one because of high vaginal pH and the other because of the presence of clue cells and discharge. Despite the patient not responding clinically to treatment, the community in the first patient seemed to have responded to metronidazole treatment and was dominated by L. iners (92) . This result seems to indicate that community structure alone is not determinant of bacterial vaginosis status and supports the idea that bacterial vaginosis is not entirely dependent on an altered community structure but may be dependent on particular structures, including those that may be dominated by healthassociated bacteria, such as those belonging to the Lactobacillus genus.
Like human communities, those associated with livestock are commonly exposed to antibiotics. This is because antibiotics are often administered as growth promoters for a variety of animals. The mechanisms by which antibiotics increase livestock productivity are not known, and some speculate that shifts in the microbial community may be key. Chickens and pigs, for example, are routinely given antibiotics as a dietary supplement. In one study, it was found that oxytetracycline had no effect on the richness, diversity, composition, or structure of the intestinal community in chickens, as determined by T-RFLP analysis (87) . In contrast, other studies have shown that virginiamycin and a cocktail of bacitracin and salinomycin both alter community structure (74, 84) . Yet another study found that the structure of the ileal community shifted with the age of chickens and that the communities in younger chickens exhibited a greater response to antibiotics than did the communities in older chickens (168) . Like the communities in chickens, pig communities also shift in response to antibiotic supplements (53) . A recent study showed that chlorotetracycline alters porcine community structure in the ileal mucosa and lumen. The antibiotic-fed pigs contained species that were not detected in control animals and exhibited shifts in the population sizes of two Lactobacillus species as well as a Turibacter species (272) . In addition to the antibiotics mentioned above, several others, including penicillin, are used for growth promotion (287) .
Future work. It seems clear that the structure of microbial communities is susceptible to change when challenged with a particular stressor. As with the determination of the extent of diversity of a given host-associated microbiota, it is not enough VOL. 74, 2010 HOST-ASSOCIATED MICROBIAL ECOLOGY 465
to simply associate shifts in a community with a particular treatment. We must now be dedicated to finding out the underlying mechanisms that drive the shifts and determining what these shifts mean, not only to the host but also to the community itself. In some cases, these shifts may not matter at all. Once again, significance is likely to lie within the specific function of a microbiota that has a given community structure. We noted earlier that there is high interpersonal variation in the human microbiota, yet the communities seem to maintain function in healthy individuals. Fernandez and colleagues addressed the link between function and structure by using methanogenic reactors and found that despite compositional shifts, these communities were consistently able to produce methane and to maintain reactor pH and levels of effluent chemical oxygen demand (90, 91) . Furthermore, they later showed that communities with similar functions but different levels of diversity responded differently to perturbation. Reactor communities with more diversity displayed more resistance to perturbation but less functional stability than reactor communities with less diversity. There are important questions provoked by these observations. Although communities with multiple structures may carry out similar functions, are they equivalent with regard to other considerations? For example, are the efficiencies with which they carry out these functions similar?
Will host-associated communities with different structures yet similar functions be equivalent in stability following stressors or with regard to interaction with the host immune system? Although, by design, the research being performed for the HMP involves human subjects, there remains an important role for studying microbial communities in nonhuman systems. The work performed on the human microbiota populations from different individuals clearly illustrates person-to-person variation that likely reflects differing life histories. While such variation is important in approaching questions such as finding a core microbiome, this variation makes it difficult to determine the basic principles that govern the stability of communities. In this case, nonhuman systems that allow reproducible ecological experiments to be conducted can be quite useful. The mouse model allows us to design experiments that ask specific questions about the ecology of microbial communities in several mammalian hosts, including humans. We recently showed that the murine gut microbiota, despite some differences from the human counterpart, can be used to demonstrate reproducible perturbations following an ecological stressor (15) . Furthermore, recent work suggests that, at least at a functional level, the microbiota populations from multiple mammals are actually quite similar in many respects (192, 211) . The tremendous body of literature and experimental reagents that are available for the murine model system suggest that it would be unwise to completely forgo further investigation of the indigenous mouse microbiota simply because it is not the human microbiota.
Susceptibility to Invasion
Susceptibility to invasion is yet another functional community property that has stimulated much theoretical discussion. Invasion is defined as an ecological process by which an exogenous population establishes itself and persists in a new location, i.e., within an already established community (301, 303) . It can be divided into several stages: arrival, establishment, growth, and spread (301) . The goals of invasion theory include identification of likely invaders, prediction of community susceptibility to invasion, and predictions of invader efficacy, spread, and impact on the native community (303) . Although the invasion literature covers many topics, including dynamics involving invader seed banks (see reference 157 for an example of the importance of dormant bacterial populations within seed banks as invaders and drivers of microbial community diversity), invader speed (determined by population growth and dispersal [e.g., see reference 236]), propagule pressure (the population size of a potential invader exposed to a new location [e.g., see references 85 and 136]), and other invadercentric concepts, we once again take a mostly communitycentric approach.
Much of what is known about the nature of invasions was determined at the macro scale and dates back to the mid-20th century (83) . One of the major hypotheses concerning invasions presented by Elton, who is a founder of invasion theory, is that more-diverse communities are less susceptible to invasion than less-diverse communities (83) . The work of several others also supports this hypothesis (e.g., see reference 203). Some of the best known studies are those that have evaluated the role of diversity in susceptibility to invasion of grassland communities (88, 170, 233) . Diversity, however, is not alone in determining the ability of a natural (not experimentally designed) community to resist invasion and sometimes is not a factor (190) . Using an aquatic microbial community containing bacteria, protists, and metazoans, McGrady-Steed et al. showed that the abundance of certain community members can be as important as species richness in community resistance to invasion (217) . Other factors include disturbance and composition (55, 85) . Because the process of invasion in experimental settings can be well controlled and resistance to invasion is a consistent function of a community, it can be used to monitor changes in a community. There are multiple examples of testing of concepts of invasion in both environmental and hostassociated communities (Table 2 ). In the following sections, we discuss invasion in the context of colonization resistance and probiotics.
Colonization resistance. Invasions in host-associated communities are typically associated with disease. In fact, one of the major functions of the human gastrointestinal and vaginal microbiota is colonization resistance, which is the ability of the community to resist invasion by exogenous and often pathogenic organisms (120, 345) . One strategy for studying colonization resistance is to disrupt the community by use of antibiotics and then challenge it with an invader. Cotrimoxazole, for instance, was used to disrupt the human microbiota. This resulted in colonization of the colon by an experimentally introduced invader in all subjects, as well as a Candida albicans infection of the mouth in two of the volunteers (346) . Because of the ethical issues faced when infecting humans with known pathogens, animal models are often used to investigate community resistance to pathogen invasion. van der Waaij and colleagues conducted one of the earliest studies of colonization resistance. In this study, they showed that a reduction of the mouse cecal microbiota with antibiotics resulted in a reduction of colonization resistance to three experimentally introduced invaders. They also revealed that as the total numbers of bacteria in the community returned, so did the colonization resis-tance (338) . More recently, it was shown that high doses of ciprofloxacin and levofloxacin, as well as lower doses of gatifloxacin and moxifloxacin, all increased the colonization of mouse ceca with the pathogen Clostridium difficile compared to the saline-treated controls (1) . Additionally, using a cynomolgus monkey model, Winberg et al. demonstrated that the colonization resistance of the vaginal community to a pathogenic strain of E. coli was reduced upon community perturbation with antibiotics (361, 362) .
Insect gut communities also exhibit colonization resistance. A study of the diversity-stability debate using a gnotobiotic locust system revealed that a more-diverse community was more resistant to invasion by the pathogen Serratia marcescens than a less-diverse community (71) . Likewise, S. marcescens was more successful at becoming established in communities of termites that had been fed antibiotics than in the communities of untreated termites (343) . Additionally, one study showed that changes in community structure resulting from either a different diet or administration of antibiotics correlated, in some cases, with increased colonization by nonpathogenic invaders (274) . Interestingly, this study also showed that antibiotics increased the diversity of the community, as did the diet treatment that increased susceptibility to colonization. This study is consistent with other studies, such as those discussed above, which suggest that diversity is not a lone determinant of a community's susceptibility to invasion (55, 60, 77, 219) .
Probiotics and invasive pathogens. A probiotic is defined as a preparation of living, defined organisms that alters the community associated with a host and confers a health benefit to the host (300). In addition, probiotic strains should be nonpathogenic, nontoxic, viable throughout production and storage of the preparation, and resistant to the host environment (i.e., vaginal pH, gastric acids, etc.) (102, 252) . Probiotic organisms are diverse and strain specific and reflect the host environment on which they are expected to act. Lactobacillus strains have been investigated for their probiotic activity in gut and vaginal environments. Treatment with Lactobacillus rhamnosus GG, for instance, results in improved recovery from and reduces the incidence of diarrhea compared to placebo (249, 271, 336) . Additionally, strains of L. rhamnosus and Lactobacillus reuteri improved treatment rates of bacterial vaginosis in women who were given metronidazole treatment compared to women who received metronidazole and a placebo (16) . Furthermore, a strain of Lactobacillus fermentum reduced the length and severity of respiratory illness in patients and had an immunomodulatory effect (58) . Likewise, three Streptococcus strains have shown potential in a probiotic mouthwash that reduces the presence of pathogens in plaque (373) , and a strain of Bifidobacterium infantis ameliorated several symptoms associated with irritable bowel syndrome (359) . Additionally, a commercially available combination of 8 probiotic species, VSL#3, has been shown to decrease development and reoccurrence of pouchitis as well as pediatric ulcerative colitis (109, 110, 223) .
Mechanisms by which probiotics may provide benefits to hosts include modulation of the host immune system and other cellular functions. Additionally, they may prevent pathogen invasion via competition for binding sites or nutrients as well as by production of toxic compounds (see reference 337 for a review that focuses on probiotic mechanisms in inflammatory bowel diseases [which are likely applicable to the role of probiotics elsewhere]) (96, 337) . In this way, it is interesting to think of probiotics as altering community susceptibility to invasion without necessarily becoming permanent residents of the community. Whether these beneficial bacteria themselves can be considered invaders depends on the definition of invader used. Here we assert, as have others, that an invader must not only establish but also persist (301) . The beneficial effects of probiotics are often short-lived, remaining only a short time after cessation of probiotic administration, which suggests that the bacteria are transient members of the community (264). However, it seems possible that probiotics can, in some cases, successfully establish in a community (temporarily) because of the ability of certain strains to bind to host cells. Several strains adhere to cells and mucus temporarily and, as stated before, competitively exclude pathogens. In vitro studies have shown that several probiotic strains are able to adhere to Caco-2 epithelial colorectal cells and to displace or outcompete pathogens, such as Salmonella enterica serovar Typhimurium and E. coli, or otherwise inhibit their adherence (39, 151) . Certain probiotic strains also prevent pathogen binding to intestinal mucus and displace pathogens following adherence (52, 344) . Additionally, L. rhamnosus GG, one of these pathogen-displacing probiotic strains, was recently found to have pili that contain human-mucus-binding proteins, which may explain its ability to persist in the gut longer than other L. rhamnosus strains and its ability to outcompete pathogens.
Probiotics are considered a more desirable treatment option than antibiotics because they do not come with the negative effects that can sometimes accompany antibiotics (i.e., disruption of nontarget microbial communities). As stated previously, antibiotic use in livestock husbandry is under fire for its potential to promote antibiotic resistance in human pathogens. Commercially available alternatives to antibiotic treatment for infections in poultry are competitive exclusion (CE) products, which are used to prevent colonization by pathogens. These products are typically comprised of cecal bacteria from domestic fowl (299) . The presence of Salmonella and Campylobacter jejuni, for example, was significantly decreased in chickens treated with a CE product and other probiotics (5, 360) . In cattle, a mix of various E. coli strains as well as a Proteus mirabilis strain was found to reduce the length of time that E. coli O157:H7 was detected in the rumen and the length of the fecal shedding period (376) . Similarly, swine infection with Salmonella enterica serovar Typhimurium was ameliorated with a probiotic mixture containing several Lactobacillus strains and Pediococcus pentosaceus (42) . In addition to providing examples of how microbial ecology studies can have a direct impact on human health (e.g., reductions of the human pathogens Campylobacter, Salmonella, and E. coli O157:H7), these animal studies also provided clear, reproducible evidence in support of the administration of probiotics, which was missing for a long time from human-only studies.
Future work. Recent work revealed that community structure likely plays a role in susceptibility to invasion. One of the key questions that remains to be answered is whether there are certain community structures that are more susceptible to invasion by certain kinds of bacteria. For example, is it more likely that an Enterobacter sp. will successfully invade a community that does not contain another Enterobacter sp. than a VOL. 74, 2010 HOST-ASSOCIATED MICROBIAL ECOLOGY 467 community with one or several other Enterobacter spp. under the same conditions? Another way of approaching this question would be to determine whether certain species protect against invasion. Can increasing the population size of a particular community member, for example, Lactobacillus sp. in the mouse cecum, reduce susceptibility to invasion by a particular pathogen? Will that answer hold true for other pathogens? There are several ways of addressing these questions, but none seems likely to provide a conclusive answer. One of these would be to construct communities with the desired structure in previously germfree mice and then to infect them. This sounds simple but only highlights the limits of our knowledge about host-associated communities. The experimental design proposed is predicated on the assumption that the structure would not be altered severely during the assembly period in the host or that we would be able to compensate for these changes. One study that evaluated the ability of the Charles River altered Schaedler flora to establish in a mouse colony found that members of the defined community were detected throughout 7 generations and 4 years; however, the structure of the community was not explored (315) . Whether assembly patterns are consistent and reproducible has not yet been determined. An additional challenge is that immune systems in germfree mice are underdeveloped, as are certain other systems. How would this impact our ability to interpret results in the context of a conventional host? Another potential model would be to alter communities with a targeted approach. For example, one could use vancomycin or clindamycin to reduce the population size of Firmicutes bacteria in a community. The problem with this approach is that these antibiotics will likely have other effects on the community, and perhaps the pathogen. Can we approach these community questions like we approach molecular biology questions, as proposed by Handelsman et al. (124) ? Is it possible to "knock out" specific bacteria with bacteriophages or bacteriocins, which tend to be much more specific than antibiotics? Could we "overexpress" a particular member by "preinvading" a community with the desired species and then infecting it with a pathogen? Once again, another question is raised: can we increase the population size of a specific member simply by administering more of the member in pure culture?
A more complicated view of colonization resistance arises when we take into consideration the complex interactions between the microbiota and the host immune system. It is clear that the immune system has an undeniable impact on the microbiota, serving in effect to shape the community structure of the resident microbes. This is expected given the key role of the immune system in recognizing and dealing with microbes (238, 277, 282) . However, it has now been recognized that the microbiota can in turn regulate host immune responses. For example, modulation of the resident murine intestinal microbiota by the administration of an antibiotic cocktail containing metronidazole, neomycin, and vancomycin downregulates host expression of the bactericidal lectin RegIII␥, which specifically targets Gram-positive organisms (43) . In another study, it was shown that vancomycin-resistant enterococci (VRE) were able to survive at higher concentrations in mice treated with the same antibiotics (30) . This loss of colonization resistance against VRE was not simply due to loss of competition with other members of the microbiota, since administration of lipopolysaccharide (LPS) along with the antibiotic cocktail prevented VRE colonization. The administration of LPS, a product of Gram-negative bacteria, was shown to prevent the downregulation of RegIII␥. This suggests a mechanism by which the native gut microbiota can influence colonization resistance through modulation of host immune responses. Although we are just beginning to understand the intricate interactions between the resident microbiota and the immune system, it is likely to be important that we consider the ecological implications of these interactions. Because microbe-microbe and host-microbe interactions can serve as drivers of community diversity and function, more complete models of hostassociated communities will need to account for both types of interactions.
Next Steps
Although we have begun to explore structure, biogeography, stability, and invasion in the context of the host-associated microbiota, there are a number of other areas with great potential for increasing our understanding of these communities. Coevolutionary theory seeks to understand and predict the reciprocal evolution of interacting organisms. There is some evidence for coevolution between hosts and their microbiota (192) . The geographic mosaic theory of coevolution (324) may be particularly relevant to the study of host-associated microbial ecology because it seeks to understand the role in coevolution of dispersal among a mosaic of habitat "patches." Individual hosts could be thought of as such patches, with transmission among hosts as a source of dispersal. This theory has been applied to microbes in the laboratory (e.g., see reference 97) but not to the host-associated microbiota. Another area of potential application is diversity-ecosystem function theory (200) . This area of theory seeks to understand how the diversity and structure of communities result in collective properties such as nutrient cycling, decomposition, and biomass production. Human health could be thought of as a collective property of the human-associated microbiota. This area of theory could be used to guide experiments to rigorously test the linkage between the microbiota and health.
WAR NO MORE: HUMAN MEDICINE IN THE AGE OF ECOLOGY
To this point, the discussion has focused on how principles and approaches from general and microbial ecology can be applied to studies of the indigenous human microbiota. In this final section, we propose how consideration of the ecology of the human microbiota can help to inform future approaches to the prevention and management of human disease.
Understanding the role of microorganisms in human disease represented a revolution in medicine. The application of Koch's postulates gave rise to clinical microbiology and the practice of infectious diseases. However, this also led to the paradigm that views infectious disease therapy based on a war metaphor. Microbial pathogens are viewed as the enemy that needs to be eliminated in order to restore health. Increasingly powerful weapons in the form of antibiotics with increased activity and spectrum were felt to be necessary in order to win this war. However, as has been learned through warfare throughout human history, collateral damage to innocent bystanders increases the cost of success on the battlefield. In terms of the human microbiota, the rise of antibiotic resistance, the appearance of opportunistic organisms such as Clostridium difficile and VRE, and an increase in allergic diseases (via the hygiene hypothesis) and autoimmune diseases, such as inflammatory bowel disease, are all thought to be a reflection of such collateral damage.
As we gain an increased understanding of how complex, host-associated microbial communities assemble and maintain structure and function, it is likely that a new paradigm for the prevention and treatment of microbe-associated diseases will arise. In certain cases, the war metaphor will be replaced by a paradigm where management is the key concept. With this new paradigm, the human body can be considered akin to a national park. The management of the ecology of the human microbiota becomes the focus of both prevention and therapeutics. For example, a focus on maintaining beneficial bacteria during targeted antimicrobial therapy of clinical infections could prevent infection with C. difficile or VRE. Conversely, once the host-associated microbiota has been altered to a deleterious community structure (dysbiosis), a therapeutic approach of restoration ecology could be initiated. Approaches using probiotics and prebiotics, rationally designed based on knowledge of the ecology of the community, could fit under this rubric of restoring community balance.
The Human Genome Project was conducted with the hope that it would usher in the era of personalized medicine. Examples of the dawn of this new era are now appearing. The deciphering of cancer genomes is meant to customize therapy to a specific tumor. Analysis of the host genome is meant to customize therapy based on an individual's potential sensitivity and metabolism of therapeutic agents. It is possible that along with these approaches, customized therapies based on an understanding of an individual's microbiome will be developed in the future. Such an integrated approach would lead to the full realization of (meta)genomic medicine.
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